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A b stra ct. One m ajor problem of phase-referencing VLBI observations 
are phase errors due to  the unknown tropospheric zenith delay at each 
antenna. These errors degrade the quality of the phase-referenced image 
and limit the achievable astrom etric accuracy. We will present and com­
pare two independent m ethods to  estim ate the zenith delay offset a t each 
antenna. The zenith delay offsets can then be used to  correct the data. 
These corrections improve the quality of the phase-referenced image and 
an astrom etric accuracy of 10 ^as can be achieved. W ith  this accuracy, 
measurem ents of proper motions in the Local Group become feasible.
1. In tro d u ctio n
Phase-referencing has become a standard  technique in Very Long Baseline Inter- 
ferom etry (VLBI) to  m easure accurate relative positions of radio sources. The 
concept of phase-referencing is based on the assum ption th a t the phase errors of 
two sources w ith a small angular separation on the sky are similar. One observes 
a target source between two scans on a calibrator. Then one can interpolate the 
calibration between the two scans and apply this interpolated phase corrections 
to  the phase of the target source. The phase-referenced difference phase contains 
information only about the target source structure  and its position relative to 
the calibrator and contains noise from interpolation errors.
One m ajor problem of phase-referencing VLBI observations is the  unknown 
tropospheric zenith delay at each antenna. The VLBA correlator model uses 
a seasonally averaged and latitude-dependent atm ospheric model (Niell 1996), 
which can m isestim ate the zenith delay by a few centimeters. The excess path  
length caused by the dry troposphere to  a radio signal from a source w ith zenith
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angle Z  is given by
I «  0 .2 2 8 ^ - P0 secZfl -  0.0013 ta n 2Z) (1)
mb
where P0 is the  to ta l pressure a t the surface (see equation 13.41 in Thom p­
son, Moran, & Swenson 2001). This excess pa th  length will be different for 
the calibrator and the target source since both  sources usually have different 
zenith angles. Hence, a residual error will rem ain after phase-referencing. These 
residual errors degrade the quality of the phase-referenced image and limit the 
achievable astrom etric accuracy (e.g., Beasley & Conway 1995). If the correlator 
model misestimates the zenith delay l0 by 3 cm (æ 0.1 ns), one would expect 
after phase-referencing delay errors of 0.2 cm for zenith angles of æ 60° and 
source separations of æ 1°. However, these errors can be corrected if the true 
zenith delay at each antenna is known.
2. A tm o sp h ere-C o rrected  P h a se-R eferen c in g
2.1. P h a se  fittin g
The fringe-phase of the target source after phase-referencing is mainly a sum of 
the position offset and the effects of the zenith delay error if the source structure 
is negligible. The phase induced by the position offset shows a simple 24 hour 
cosine behavior, while the phase errors from the zenith delay error follow a more 
complex dependence on the zenith angle according to  equation 1. Because of 
the different behavior of the two contributions, it is possible to  separate both 
effects and to  estim ate the position offset as well as the zenith delay error.
One can com pute a model phase with a position offset (two param eters) 
and a zenith delay error at each antenna (one param eter for each antenna) and 
perform a least-squares fit to  the phase data. This m ethod has been applied 
successfully by Reid et al. (1999) to  m easure the proper motion of Sgr A*. In 
B runthaler et al. (2002) we applied this m ethod to  phase-referencing obser­
vations of extragalactic H2O masers in IC 10 with respect to  the background 
quasar J0027+5958 and achieved an astrom etric accuracy of æ 10 ^as.
Table 1. Positions offsets of IC 10 in right ascension (A a) and dec­
lination (AÆ) relative to  the phase center from the model fit to  the 
phase d a ta  (A), the corrected map using the phase da ta  (B) and the 
corrected map using the geodetic-like observations (C).
A B C
D ate Aa: [/tas] A 6 [/tas] Aa: [/tas] A 6 [//as] A a  [/tas] A 6 [/tas]
2002/01/12 -4 112 -1 103 13 101
2002/01/17 -11 134 -8 125 1 135
Mean -8±4 123±11 -5±4 114±11 7±6 118±17
Second epoch observations of the H2O masers in IC 10 were made in January  
2002 and two observations were made w ithin five days to  check the accuracy and 
repeatability  of our results. The da ta  were calibrated w ith standard  techniques 
using the AIPS software package. A priori am plitude calibration was applied
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using system tem perature  measurem ents and standard  gain curves. A fringe fit 
was performed on J0027+5958 and the solutions were applied to  IC 10.
Then we modeled the phase d a ta  of IC 10 as described above. The position 
offset for the  two observations are given in Table 1 (A). The positions obtained 
from the two observations are consistent and have an rms of æ 10 ^as. The 
zenith delay offsets are typically of the order of a few centimeters. The values 
of the first observation on 2002 January  12 are given in the second column of 
Table 2.
2.2. P h a se  correction
Figure 1. Phased-referenced image of a H2O maser spot in IC10 
w ithout correction a), w ith atm osphere correction from the fit to  the 
phases b), w ith corrections form the geodetic-like observations c) and 
after phase self-calibration d). The contour levels s ta rt at 25 m Jy and 
increase by a factor of \/2  in all images. The peak-to-noise ratios are 
77, 101, 100 and 151 respectively.
The fitted zenith delay offsets can be used to  correct the uv-data itself. 
This correction was done using a new version of the AIPS task  CLCOR with
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O P C O D E = ’ATM O’. Fig. 1 shows the phase-referenced images of a strong H2O 
maser component in IC 10 with (b) and w ithout (a) the corrections. The noise 
in the image is reduced while the peak flux increased in the corrected image. 
The peak-to-noise ratio  in the corrected image is 101 compared to  77 in the 
uncorrected image. The positions of the maser feature in the corrected maps 
for the two observations are given in Table 1 (B) and agree w ithin 10 ^as with 
the positions derived from the fit to  the phases. The positions obtained from 
the fit to  the phases and from the corrected maps are not independent and the 
agreement is not surprising. However, it is a consistency check for the method.
2.3. G eod etic-lik e  ob servation s
A second, independent m ethod to  estim ate the zenith delay offset is to  use 
geodetic-like observations. Here, a num ber of bright quasars with positions 
known to  be tte r th an  1 mas were observed for 45 m inutes before and after 
the phase-referencing observation. The quasars were observed at different eleva­
tions w ith a frequency setup of 8 IFs spread over 450 MHz. A fringe-fit on the 
quasars yielded then  a m ulti-band delay and a rate  for each baseline and source. 
These m ulti-band delays and rates were then  fit w ith a model th a t consisted of a 
zenith delay offset and drift at all antennas as well as a clock offset and drift at 
all antennas except the reference antenna. The param eters of the best model-fit 
are given in Table 2. The differences between the observed m ulti-band delay 
and the model are less th an  0.1 ns.
The zenith delay offsets obtained from the fit to  the phases and from the 
geodetic-like observations are in general com parable although they can be dif­
ferent for some antennas. The differences between the two m ethods are not 
surprising, since the model in the geodetic-like observations includes not only a 
zenith delay offset bu t also a drift, a clock offset and a clock drift.
Table 2. F it param eters for the observation on 2002 January  12: 
Zenith delay offset (r0,p) from the fit to  the phase d a ta  , zenith delay 
offset ( t 0) and rate ( t 0) and clock offset (A t) and rate (Ait) from the 
geodetic-like observations. The errors are the formal errors of the least- 
squares fit.________________________________________________________
A ntenna To,p [cm] r 0 [cm] To [cm h 1] Ai[ns] Âi[ns d *]
BR 2.5±0.6 1.6±0.1 0.4±0.03 -0.24±0.01 -1.52±0.03
FD 4.4±0.3 1.7±0.05 0.3±0.01 -0.08±0.01 -0.84±0.02
HN 7.0±0.2 6.4±0.1 0.3±0.03 0.37±0.01 0.47±0.04
K P 1.0±0.3 -0.1±0.05 0.3±0.01 - -
LA -0.4±0.4 -1.7±0.07 0.3±0.02 -0.12±0.01 -0.17±0.02
MK -3.3±0.1 -4.0±0.06 0.3±0.01 -0.93±0.01 -0.97±0.03
NL 9.4±0.4 7.8±0.1 0.2±0.02 0.42±0.01 0.51±0.03
OV 4.7±0.4 2.2±0.07 0.3±0.01 0.00±0.01 -0.62±0.02
P T -0.2±0.4 -1.8±0.07 0.2±0.01 0.08±0.01 1.05±0.02
The fit values of the zenith delay and clock offsets can also be used to  correct 
the uv-data. A corrected image is seen in Figure 1 (c) and the peak-to-noise ratio 
is 100. The positions of the maser feature in the corrected maps are given in 
Table 1 (C). They are also consistent w ith the positions of the fit to  the phases.
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3. C on clu sion s
We have presented a technique to  correct phase-referencing observations for 
inaccurate zenith delays in the VLBA correlator model. The quality of the 
atm osphere-corrected phase-referenced images can be improved by this tech­
nique. The peak-to-noise ratio  in the corrected images increases by æ 30 %. By 
using this technique, an astrom etric accuracy of 10 ^as can be achieved.
Two independent m ethods were presented to  estim ate the zenith delay off­
sets a t each antenna. The images obtained from the correction w ith the zenith 
delay offsets from the fit to  the phases (Fig.1 (b)) and from the geodetic-like 
observations (Fig.1 (c)) are very similar and the positions measured from these 
images are consistent. This is a proof of concept for our technique.
The astrom etric accuracy of this technique enables us to  detect significant 
proper motions of galaxies in the Local Group out to  a distance of 800 kpc w ithin 
a few years. One needs at least three epochs of observations to  make reliable 
statem ents about m easured proper motions. Further observations are underway 
and the results will be presented elsewhere.
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